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Abstract 13 
This paper presents an analytical approach to predict the uniaxial compression behavior of 14 
circular and square reinforced concrete (RC) columns strengthened with reactive powder 15 
concrete (RPC) jackets and wrapped with fiber reinforced polymer (FRP). The analytical axial 16 
load-axial strain responses of the strengthened RC columns were compared with experimental 17 
axial load-axial strain responses. The analytical approach presented in this study conservatively 18 
predicted the ultimate axial load of the strengthened RC columns. Also, a parametric study was 19 
carried out to investigate key factors that influence the axial load-axial strain response of the 20 
strengthened RC columns. It was found that the ratio of the RPC jacket thickness to the 21 
diameter or side length of the base RC column significantly influenced the service axial load, 22 
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 27 
1. Introduction  28 
Reinforced concrete (RC) columns in vital infrastructure such as high-rise buildings and 29 
highway bridges may need to be rehabilitated due to a number of reasons. These reasons 30 
include deterioration due to the corrosion of steel reinforcement, inadequate design, functional 31 
changes and construction errors. Jacketing with RC is one of the most widely practiced 32 
techniques for strengthening deficient RC columns because of the ease of the construction and 33 
availability of the construction materials [1-3]. The traditional RC jacket is usually applied to 34 
the RC column by casting a concrete layer reinforced with steel bars and ties or with welded 35 
wire fabric around the column. The strength, stiffness and ductility of the deficient RC columns 36 
improve by the RC jacket [4, 5]. However, jacketing with RC is associated with a few 37 
disadvantages including increases in the dead load, requirements for the dowelling and 38 
anchoring with the base RC column, slow progress of the construction and decrease in the 39 
available space of the strengthened structure [1, 3].  40 
 41 
Several studies investigated the behavior of RC columns strengthened with high strength 42 
RC jackets. Takeuti et al. [6] revealed that the use of high strength RC jacket decreased the 43 
thickness of the jacket and achieved the required load capacity. However, the concentrically 44 
loaded RC column strengthened with high strength RC jacket usually shows a quasi-linear 45 
response up to the maximum axial load followed by a sudden drop in the axial load [7]. 46 
Jacketing with high strength RC also has disadvantages similar to the jacketing with normal 47 
strength RC including the dowelling and anchoring with base RC columns. 48 
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Jacketing with steel has been widely used for retrofitting RC columns. However, steel 49 
jackets experience poor corrosion resistance. Steel jackets may also experience buckling during 50 
the installation and service life [8, 9].   51 
 52 
Structural rehabilitation of RC columns with fiber reinforced polymer (FRP) has been 53 
increased rapidly worldwide. The FRP composite has a high strength to weight ratio and high 54 
corrosion resistance. From a practical point of view, the FRP composite can be easily wrapped 55 
around RC columns [9, 10]. It is well known that the strengthening of RC columns with FRP 56 
depends mainly on the lateral confinement pressure [8]. However, the confinement pressure 57 
decreases when RC columns are subjected to eccentric axial loads [11, 12, 13, 14]. Also, 58 
confinement pressure decreases with the increase in the diameter of the column. Moreover, 59 
FRP wrapping provides only a negligible enhancement in the yield strength and maximum 60 
flexural load of RC columns [15]. Although circular FRP jackets generate uniform confinement 61 
pressures onto the concrete column, square FRP jackets generate nonuniform confinement 62 
pressures onto the concrete column due to the stresses concentration at the corners of the 63 
column. As a result, the confinement efficiency of square FRP jackets is less than the 64 
confinement efficiency of circular FRP jackets [16].  65 
 66 
The shape modification of the square columns to circular columns is one of the techniques 67 
used for improving the confinement efficiency of square RC columns [13]. Precast segments 68 
constructed with normal and high strength concrete were used as shape modifiers for square 69 
RC columns [13, 17]. However, it was found that precast concrete segments can be damaged 70 
during the installation with the concrete core [17]. Therefore, precast segments constructed 71 




The reactive powder concrete (RPC) is a high-performance concrete with a dense structure 74 
containing fine particles graded to compact efficiently [18, 19]. The homogeneous structure 75 
and the presence of steel fiber within the matrix decreases the differential tensile strain and 76 
increases the energy absorption of the RPC [19]. Lee et al. [20] and Chang et al. [21] used the 77 
RPC as a novel repairing and strengthening material for small concrete specimens. Hadi et al. 78 
[22] and Algburi et al. [23] used the RPC jacket and FRP wrapping as a new jacketing system 79 
for strengthening RC columns. In Hadi et al. [22], circular RC column specimens were 80 
strengthened by a thin layer of RPC and wrapped with carbon fiber reinforced polymer (CFRP). 81 
The specimens were tested under concentric axial load, eccentric axial loads and four-point 82 
bending. It was found that jacketing with RPC and wrapping with FRP was an effective 83 
technique for increasing the yield load, ultimate load and energy absorption of circular deficient 84 
RC columns.  85 
 86 
Algburi et al. [23] used the RPC as a new shape modification and strengthening material for 87 
square RC columns. The square RC column specimens were circularized with RPC jackets, 88 
wrapped with CFRP and tested under concentric axial load, eccentric axial loads and four-point 89 
bending. The RPC was found to be an efficient shape modification material for the square RC 90 
columns. Circularization of the square RC column specimens with the RPC jackets increased 91 
the yield load, ultimate load and energy absorption of the specimens significantly. It was also 92 
found that wrapping the RPC strengthened columns with FRP increased the ultimate load and 93 
energy absorption of the columns.  94 
 95 
It is evident that the jacketing systems proposed in Hadi et al. [22] and Algburi et al. [23] 96 
were effective for strengthening the circular and square RC columns, respectively. However, a 97 
significant number of experimental and theoretical studies are required before the wide 98 
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practical application of these jacketing systems. Hence, the aim of this paper is to develop an 99 
analytical approach for the axial load-axial strain responses of circular and square RC columns 100 
strengthened with RPC jackets and wrapped with FRP.  101 
 102 
This paper presents an analytical approach for investigating the responses of the circular and 103 
square RC columns strengthened with RPC jackets and wrapped with FRP under axial 104 
compression. This paper also presents a parametric study to investigate the most important 105 
parameters that influence the axial load-axial strain responses of the strengthened circular and 106 
square RC columns. The parametric study investigates the influence of confinement ratio, 107 
unconfined compressive strength of the RPC jacket and the ratio of the RPC jacket thickness 108 
to the diameter or side length of the base RC column on the axial load-axial strain response, 109 
ductility and service axial load of the strengthened RC column. The analytical approach 110 
developed in this study can be used as a guideline for strengthening deficient RC columns.  111 
 112 
2. Development of the analytical axial load-axial strain responses of the strengthened RC 113 
columns  114 
2.1. Theoretical assumptions 115 
In this study, a deficient circular RC column with a diameter 𝑑 and area of longitudinal steel 116 
bars 𝐴𝑠 is assumed to be strengthened with a circular RPC jacket and wrapped with FRP. The 117 
RPC jacket is assumed to have a constant thickness 𝑡. Also, a deficient square RC column with 118 
a side length 𝑏 is assumed to be circularized with RPC jacket and wrapped with FRP. The RPC 119 
jacket for the square RC column is assumed to have a thickness 𝑡1 at the middle of the square 120 
section and a thickness 𝑡2 at the corners of the square section. The strengthened circular and 121 
square RC columns are assumed to have a diameter 𝐷. Figure 1 shows the cross-sections of 122 
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circular and square RC columns constructed with normal strength concrete (NSC), 123 
strengthened with RPC and wrapped with FRP. 124 
 125 
The axial load of circular or square RC column strengthened with RPC jacket and FRP 126 
wrapping is assumed to be the summation of the axial load components of the confined NSC 127 
of the core, confined RPC of the jacket, and longitudinal steel bars. The experimental axial 128 
load-axial strain responses of the specimens tested by Hadi et al. [22] and Algburi et al. [23] 129 
showed that confinement of the RPC jacket and the internal lateral steel reinforcement did not 130 
influence the axial load-axial strain response of the specimens up to the ultimate axial load. 131 
However, the confinement effect of the lateral steel reinforcement was significant after the 132 
ultimate axial load and the columns achieved a softening response. The softening response 133 
represents the behavior of the base RC column. As this study investigates analytically the 134 
responses of the strengthened RC columns up to the ultimate axial load, the confinement effect 135 
of the lateral steel reinforcement was ignored. 136 
 137 
Figure 2 shows the conferment effect of the FRP on the RPC jacket and the concrete core 138 
of the base RC column. It is noted that both NSC and RPC in the strengthened columns are 139 
subjected to the same external lateral confinement pressure by the FRP wrapping. Therefore, 140 
the axial load of the strengthened RC columns calculated in this study took into the account the 141 
axial compressive stress of the FRP-confined NSC for the core, the axial compressive stress of 142 





2.2. Modelling of NSC, RPC and longitudinal steel bars 146 
In this study, a full bond between the deformed steel bars and the NSC core as well as a full 147 
bond between the RPC jacket and the NSC core were assumed to be achieved. The last 148 
assumption was based on the studies of Hadi et al. [22] and Algburi et al. [23] in which a full 149 
bond between the RPC jacket and the NSC core was achieved by adequately preparing the 150 
surface of the base RC column. Therefore, the axial compressive strains in the NSC, RPC and 151 
the longitudinal steel bars were assumed to be equal up to the ultimate axial load.  152 
Over the last two decades, several models were presented to depict the response of the FRP-153 
confined concrete under uniaxial compressive load [9, 24, 25]. The model proposed by Lam 154 
and Teng [25] for the FRP-confined concrete in circular columns was adopted in both ACI 155 
440.2R-2008 [26] and ACI 440.2R-2017 [27]. Also, Lam and Teng [25] model was validated 156 
with a large experimental testing database. Therefore, the FRP-confined compressive stress of 157 
the NSC (𝑓𝑐𝑐𝑜) for a given axial compressive strain of ɛ𝑐 was calculated using the stress-strain 158 









2               0 ≤ ɛ𝑐 ≤ ɛ𝑡𝑜
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′  is the unconfined compressive strength of the NSC. The 𝑓𝑐𝑐𝑜
′  is the FRP-confined 162 













where  Ψ𝑓 is a reduction factor, which was taken as 0.95 [27] and 𝑘𝑎 is a shape modification 168 
factor, which was taken as 1 [27]. 169 
 170 







where 𝑛 is the number of the FRP layers, 𝑡𝑓 is the thickness of the FRP layer, 𝐸𝑓 is the modulus 174 
of elasticity of the FRP layer and ɛ𝑓𝑒 is the effective strain of the FRP layer.  175 
 176 
In ACI 440.2R-2017 [27], ɛ𝑓𝑒 is recommended to be 0.55ɛ𝑓𝑢, where ɛ𝑓𝑢 is the ultimate 177 
tensile strain of the FRP determined by the flat coupon test.  178 
 179 
The ɛ𝑐𝑐𝑜 is the compressive strain of the NSC corresponding to the FRP-confined 180 
compressive strength of the NSC. The ɛ𝑐𝑐𝑜 was calculated using Eq. (7) [27]. 181 
 182 














In Eq. (7), ɛ𝑐𝑜 is the compressive strain of the unconfined NSC at 𝑓𝑐𝑜
′ , kb is the shape 184 
modification factor, which was taken as 1 [27].  185 
 186 
It is important to note that ACI 440.2R-2017 [27] reported that improvement in strength of 187 
concrete having compressive strength equals to or more than 70 MPa should be based on 188 
experimental results. Several experimental studies showed that the axial strength of RPC 189 
columns with compressive strengths of 110-160 MPa was improved by FRP wrapping [19, 22, 190 
23]. Xiao et al. [28] revealed that the models proposed for the confined compressive strength 191 
of the NSC closely predicted the confined compressive strength of the high strength concrete. 192 
Therefore, the FRP-confined compressive stress of the RPC jacket (𝑓𝑐𝑐𝑗) was modelled using 193 
the stress-strain model in ACI 440.2R-2017 [27] as:   194 
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′  is the unconfined compressive strength of the RPC and 𝐸𝑐𝑗 is the modulus of 197 
elasticity of the RPC. The 𝐸𝑐𝑗 was calculated using Eq. (11), which was proposed by Ahmad 198 










′  is the FRP-confined compressive strength of the RPC, which was calculated using 202 








The ɛ𝑐𝑐𝑗 is the compressive strain of the RPC jacket corresponding to the confined 206 
compressive strength of the RPC, which was calculated using Eq. (13) [27]. 207 
 208 








]  ≤ 0.01 
 
(13) 
where ɛ𝑐𝑗 is the axial compressive strain of the unconfined RPC at 𝑓𝑐𝑗
′ .  209 
 210 
To model the axial compressive stress in the longitudinal steel bars (𝑓𝑠), an elastic–perfectly 211 
plastic model was used.  212 
 213 




where 𝐸𝑠 is the modulus of elasticity of steel, which can be taken as 200 GPa and 𝑓𝑦 is the yield 215 
strength of steel.  216 
 217 
The axial load of circular and square RC columns strengthened with RPC jacket and FRP 218 




𝑁𝑡 = 𝑓𝑐𝑐𝑗(𝐴𝑡 − 𝐴𝑔) + 𝑓𝑐𝑐𝑜(𝐴𝑔 − 𝐴𝑠) + 𝐴𝑠𝑓𝑠                 0 ≤ ɛ𝑐 ≤ ɛ𝑐𝑐𝑗 
 
        (15) 
 221 
where 𝑁𝑡 is the axial load of the strengthened RC column, 𝐴𝑡 is the total cross-sectional area 222 
of the strengthened RC column and 𝐴𝑔 is the gross cross-sectional area of the base RC column.  223 
 224 
It is noted that the experimental axial load-axial strain responses for the strengthened 225 
circular and square RC columns showed three ascending branches. The first branch represents 226 
the response of unconfined NSC core and unconfined RPC jacket, the second branch represents 227 
the response of confined NSC core and unconfined RPC jacket and the third branch represents 228 
the response of confined NSC core and confined RPC jacket. However, all the available stress-229 
strain models were derived to illustrate the response for concrete columns having one type of 230 
concrete. These models usually present the response of concrete column in two branches 231 
represent the unconfined concrete and confined concrete, respectively. For NSC, the 232 
confinement effect usually occurs at an axial compressive strain of about 0.002, which 233 
represents the compressive axial strain corresponding to 𝑓𝑐𝑜
′ . Therefore, the analytical axial 234 
load-axial strain in this study is presented in two branches. The first branch is up to an axial 235 
strain of 0.002 and the second branch is up to ɛ𝑐𝑐𝑗. 236 
 237 
The axial loads calculated using Eq. (15) were generally higher than the experimental axial 238 
loads for the axial strains higher than 0.002. This was probably because of the multiple 239 
confinement effect of the NSC and RPC in the second branch of the axial load-axial strain 240 
response (after compressive strain of 0.002). In the second branch, the RPC was not confined 241 
up to an axial compressive strain of about 0.003. After the axial compressive strain of 0.003, 242 
the confinement effect of RPC started. However, the confinement efficiency of the RPC is less 243 
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than that of the NSC. The different confinement efficiencies of the NSC and RPC may 244 
complicate the calculations and lead to a non-conservative ultimate analytical axial load. 245 
Therefore, reduction factors were used for the compressive stresses of the NSC and RPC 246 
corresponding to the axial compressive strains higher than 0.002. As a result, the final axial 247 
load of circular and square RC column strengthened with RPC jacket and FRP wrapping at any 248 
axial compressive strain were calculated as follows: 249 
  250 
𝑁𝑡 = 𝑓𝑐𝑐𝑗(𝐴𝑡 − 𝐴𝑔) + 𝑓𝑐𝑐𝑜(𝐴𝑔 − 𝐴𝑠) + 𝐴𝑠𝑓𝑠                 0 ≤ ɛ𝑐 ≤ 0.002 
 
       (16.1) 
 251 
𝑁𝑡 =  0.72𝑓𝑐𝑐𝑗(𝐴𝑡 − 𝐴𝑔) +  0.85𝑓𝑐𝑐𝑜(𝐴𝑔 − 𝐴𝑠) + 𝐴𝑠𝑓𝑠     0.002 < ɛ𝑐 ≤ ɛ𝑐𝑐𝑗 
 
   (16.2) 
 252 
where 0.72 and 0.85 are reduction factors. The reduction factors have been included to achieve 253 
a conservative ultimate analytical axial loads. Also, the column behavior changed from a quasi-254 
bilinear behavior to an initial quasi-linear behavior followed by a transition region with 255 
softening response then linear ascending response. The last behavior agrees with the observed 256 
behavior of FRP-confined ultra-high strength concrete investigated in a recent study by de 257 
Oliveira et al. [30]. Since the RPC is considered an ultra-high strength concrete, the use of the 258 
reduction factors was required to match the behavior of the FRP-confined RPC in axial load-259 
axial strain response of strengthened RC column. Eqs. (16.1) and (16.2) are proposed to depict 260 
the axial load-axial strain response of base RC column constructed from NSC of compressive 261 
strength 20 MPa to 50 MPa and strengthened with RPC of compressive strength ≥ 95 MPa then 262 




2.3 Service axial load of the strengthened RC columns 265 
Under the service axial load, the concrete of the base RC column and the strengthened RC 266 
column should not reach the lateral cracking strain. Also, the longitudinal steel bars should not 267 
reach the yield strain [15]. Therefore, ACI 440.2R-17 [27] limits the service stress in the 268 
concrete to 60% of the compressive strength of concrete and the service stress in the steel to 269 
80% of the yield strength of steel. In this study, the service axial load of the circular or square 270 
RC column strengthened with RPC and wrapped with FRP (𝑆𝑙) was calculated from the 271 






[𝐸𝑗(𝐴𝑡 − 𝐴𝑔) + 𝐸𝑐(𝐴𝑔 − 𝐴𝑠) + 𝐸𝑠𝐴𝑠] 
 





[𝐸𝑗(𝐴𝑡 − 𝐴𝑔) + 𝐸𝑐(𝐴𝑔 − 𝐴𝑠) + 𝐸𝑠𝐴𝑠] 
 






[𝐸𝑗(𝐴𝑡 − 𝐴𝑔) + 𝐸𝑐(𝐴𝑔 − 𝐴𝑠) + 𝐸𝑠𝐴𝑠] 
 
        (19) 
 276 
2.4 Ductility of the strengthened RC columns 277 
The ductility of the strengthened RC columns in this study was calculated based on energy 278 
absorption. The ductility was calculated as the area under the axial load-axial strain curve up 279 
to the axial compressive strain corresponding to the ultimate axial load to the area under the 280 
axial load-axial strain curve up to the axial compressive strain of 0.002. The axial compressive 281 
strain of 0.002 was assumed to represent the yield axial strain. This is because the axial 282 
compressive strain of 0.002 corresponds to the unconfined compressive strength of NSC core 283 




3. Experimental program and results   286 
3.1. Description of the specimens 287 
This section presents the experimental results of base and strengthened RC column specimens 288 
tested under concentric axial load. Full details about the preparation of the specimens and 289 
testing procedure can be found in Hadi et al. [22] and Algburi et al. [23]. Each of these two 290 
studies involved testing 16 column specimens, and in this study only two specimens are 291 
considered from each of these studies. In Hadi et al. [22], two circular RC column specimens 292 
were constructed from NSC. One of these two circular RC column specimens was considered 293 
as a reference specimen and identified as Specimen C. The other specimen was strengthened 294 
with RPC, then wrapped with CFRP and identified as Specimen CJF. In Algburi et al. [23], 295 
two square RC column specimens were cast with NSC. One of these two square RC column 296 
specimens was considered as a reference specimen and identified as Specimen S. The other 297 
specimen was circularized with RPC, then wrapped with CFRP and identified as Specimen 298 
SJF.  299 
 300 
The RC column specimens were tested using a Denison compression testing machine with 301 
a capacity of 5000 kN. The data were acquired by a Data Acquisition System. The axial strain 302 
was captured by two strain gauges. The strain gauges were attached at the mid-height of two 303 
opposite longitudinal steel bars in the base circular and square RC column specimens. All the 304 
column specimens were tested under concentric axial load. 305 
 306 
3.2. Experimental axial load-axial strain responses of the specimens 307 
The experimental axial load-axial strain responses of Specimens C and CJF are shown in Fig. 308 
3. The service axial load of Specimen C was calculated from the transformed-section analysis 309 
using the service stress limits in ACI 440.2R-17 [27]. The service axial load of Specimen C 310 
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was found to be 421 kN. Specimen C achieved an ultimate axial load of 615 kN. The ductility 311 
of Specimen C was calculated as 3.9. The final failure of Specimen C occurred by the crushing 312 
of the concrete and buckling of the longitudinal steel bars.  313 
 314 
In general, the axial load-axial strain response of Specimen CJF included three ascending 315 
branches up to the ultimate axial load. Specimen CJF showed a quasi-linear initial axial load-316 
axial strain response up to the axial strain of about 0.002. This was followed by an ascending 317 
branch with slope less than the slope of the initial branch. The second ascending branch of the 318 
axial load-axial strain response was associated with the confinement effect of FRP wrapping 319 
on the NSC core. The increase in the axial load continued up to the axial load corresponding 320 
to an axial strain of about 0.003. After reaching the axial strain of 0.003, the axial load-axial 321 
strain response of Specimen CJF demonstrated a slight decrease in the axial load with 322 
increasing axial strain. The decrease in the axial load was followed by the third ascending 323 
branch of the axial load-axial strain response. The slope of the third ascending branch was less 324 
than the slope of the second ascending branch. The third ascending branch of the axial load-325 
axial strain response of Specimen CJF was associated with the confinement effect of FRP 326 
wrapping on the RPC jacket. The increase in the axial load continued up to the ultimate axial 327 
load at an axial strain of about 0.006. The service axial load of Specimen CJF was 2.1 times 328 
the service axial load of Specimen C. The ultimate axial load of Specimen CJF was 3.4 times 329 
the ultimate axial load of Specimen C. The ductility of Specimen CJF was 1.36 times the 330 
ductility of Specimen C. After the ultimate axial load, the axial load of Specimen CJF dropped 331 
in two steps to about 50% of the ultimate axial load. Afterwards, the axial load-axial strain 332 
response of Specimen CJF exhibited softening response due to the confinement effect of the 333 
lateral steel helices of the base circular RC column specimen. The softening response 334 
dominated the behavior of Specimen CJF up to the end of the test. Failure of Specimen CJF 335 
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occurred by the rupture of FRP and crushing of RPC jacket at the upper one-third segment of 336 
the specimen. 337 
 338 
The experimental axial load-axial strain responses of Specimens S and SJF are presented in 339 
Fig. 4. The service axial load of Specimen S was 573 kN. Specimen S achieved an ultimate 340 
axial load of 798 kN and a ductility of 3.3. The final failure of Specimen S occurred by the 341 
crushing of the concrete and the fracture of the steel ties. The service axial load of Specimen 342 
SJF was 2.52 times the service axial load of Specimen S. The ultimate axial load of Specimen 343 
SJF was 4.56 times the ultimate axial load of Specimen S. The ductility of Specimen SJF was 344 
1.6 times the ductility of Specimen S. Specimen SJF failed by the rupture of FRP and crushing 345 
of RPC jacket at the mid-height of the specimen. 346 
 347 
4. Comparison between the analytical and experimental axial load-axial strain responses 348 
of the strengthened RC columns  349 
The analytical approach presented in Section 2.2 was used to plot the analytical axial load-axial 350 
strain responses of Specimens CJF and SJF using spreadsheets. 351 
  352 
Figure 5 compares the analytical and experimental axial load-axial strain responses for the 353 
circular RC column strengthened with RPC jacket and wrapped with FRP (Specimen CJF). 354 
The initial quasi-linear portion of the analytical axial load-axial strain response matched the 355 
initial quasi-linear portion of the experimental axial load-axial strain response. However, after 356 
the compressive strain of 0.002, the analytical axial load was lower than the experimental axial 357 
load. At the compressive strain of 0.003, the analytical axial load was 87% of the experimental 358 
axial load. After the compressive strain of 0.004, the analytical axial load-axial strain response 359 
presented in this study well matched the experimental axial load-axial strain response and was 360 
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conservative in predicting the ultimate axial load. At the maximum experimental compressive 361 
strain of 0.006, the analytical axial load was 98% of the experimental axial load.  362 
 363 
Figure 6 shows the analytical and experimental axial load-axial strain responses for the 364 
square RC column circularized with RPC jacket and wrapped with FRP (Specimen SJF). The 365 
analytical and experimental axial load-axial strain responses of Specimen SJF matched well up 366 
to the compressive strain of 0.002. At the compressive strain of 0.003, the analytical axial load 367 
was 91% of the experimental axial load. Between the compressive strain of 0.004 and the 368 
maximum experimental compressive strain, the analytical axial load became closer to the 369 
experimental axial load but remained conservative. At the maximum experimental compressive 370 
strain of 0.006, the analytical axial load was 95% of the experimental axial load. In general, 371 
the analytical axial load-axial strain responses presented in this study matched well with the 372 
experimental axial load-axial strain responses for the circular and square RC columns 373 
strengthened with RPC and wrapped with FRP. 374 
 375 
5. Parametric study 376 
In the parametric study, the influences of three factors on the service axil load, ultimate axial 377 
load and ductility of the circular and square RC columns strengthened with RPC and wrapped 378 
with FRP were investigated. The first factor is the confinement ratio. The confinement ratio in 379 
this study is the ratio of the confinement pressure to the unconfined compressive strength of 380 
the strengthened RC column. The second factor is the unconfined compressive strength of the 381 
RPC jacket. The third factor is the ratio of the RPC jacket thickness to the diameter or side 382 




To investigate the influence of the three factors on the service axial load, ultimate axial load 385 
and ductility of the strengthened RC columns, two base RC columns with circular and square 386 
cross-sections were assumed to be the existing (base) RC columns. The circular base RC 387 
column was assumed to have a diameter of 500 mm and the square base RC column was 388 
assumed to have a side length of 500 mm. The two base circular and square RC columns were 389 
assumed to be reinforced with longitudinal steel bars having a reinforcement ratio of 0.02.  The 390 
yield tensile strengths of the steel bars were assumed to be 400 MPa (assumed to be deteriorated 391 
in existing structures).  The NSC of the two base circular and square RC columns was assumed 392 
to have an unconfined compressive strength of 30 MPa. 393 
 394 
Figure 7 shows the influence of the confinement ratio of the FRP wrapping on the axial 395 
load-axial strain responses of the circular and square RC columns strengthened with RPC and 396 
wrapped with FRP. The base circular RC column was assumed to be strengthened with RPC 397 
jacket with a thickness of 50 mm (𝑡 𝑑⁄ = 0.1). The base square RC column was assumed to be 398 
strengthened with RPC jacket with a thickness at the corners of the square section of 50 mm 399 
(
𝑡2
𝑏⁄ = 0.03). The RPC jacket was assumed to have an unconfined compressive strength (𝑓𝑐𝑗
′ ) 400 
of 100 MPa. Each circular or square RC column strengthened with RPC was assumed to be 401 
wrapped with FRP of a confinement ratio (
𝑓𝑙
𝑓𝑐𝑎𝑣′
⁄ ) = 0.08, 0.15 and 0.3. The 𝑓𝑐𝑎𝑣
′  is the average 402 
weighted unconfined compressive strength of the NSC and RPC in the strengthened section. 403 
This parametric study showed that the confinement ratio (
𝑓𝑙
𝑓𝑐𝑎𝑣′
⁄ ) did not have any significant 404 
influence on the service axial load of the circular or square RC column strengthened with RPC 405 
and wrapped with FRP. Figure 7 shows that an increase in the 
𝑓𝑙
𝑓𝑐𝑎𝑣′
⁄  of the circular RC column 406 
strengthened with RPC and wrapped with FRP from 0.08 to 0.3, increased the ultimate axial 407 
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load and ductility by 45% and 104%, respectively. An increase in the 
𝑓𝑙
𝑓𝑐𝑎𝑣′
⁄  of the square RC 408 
column circularized with RPC and wrapped with FRP from 0.08 to 0.3, increased the ultimate 409 
axial load and ductility by 46% and 97%, respectively.  410 
 411 
Figure 8 shows the influence of the unconfined compressive strength of the RPC jacket (𝑓𝑐𝑗
′ ) 412 
on the axial load-axial strain responses of the strengthened RC columns. In Fig. 8, the base RC 413 
columns were assumed to be strengthened with RPC jackets of 𝑓𝑐𝑗
′  = 100MPa, 150 MPa and 414 
200 MPa. The RPC jacket thickness for the circular base RC columns (𝑡) was taken as 0.1𝑑 415 
and for the square base RC columns (𝑡2) was taken as 0.03𝑏. The 
𝑓𝑙
𝑓𝑐𝑎𝑣′
⁄  was taken as 0.15 for 416 
the all strengthened RC columns. Figure 8 reveals that an increase in the 𝑓𝑐𝑗
′  of the circular RC 417 
column strengthened with RPC and wrapped with FRP from 100 MPa to 200 MPa, increased 418 
the service axial load and ultimate axial load by 16%  and 45%, respectively, and decreased 419 
the ductility by 2%. An increase in the 𝑓𝑐𝑗
′  of the square RC column circularized with RPC and 420 
wrapped with FRP from 100 MPa to 200 MPa, increased the service axial load, ultimate axial 421 
load and ductility by 19%, 57% and 5%, respectively.  422 
 423 
Figure 9 shows the influence of the 𝑡 𝑑⁄  ratio and 
𝑡2
𝑏⁄  ratio on the axial load-axial strain 424 
responses of the strengthened RC columns. In Fig. 9, the base circular RC column was assumed 425 
to be strengthened with RPC jacket of 𝑡 = 0.05𝑑, 0.1𝑑, 0.125𝑑 and 0.167𝑑. The base square 426 
RC column was assumed to be strengthened with RPC jacket of 𝑡2 = 0.03𝑏, 0.05𝑏, 0.1𝑏 and 427 
0.125𝑏. The 𝑓𝑐𝑗
′  was taken as 100 MPa and the 
𝑓𝑙
𝑓𝑐𝑎𝑣′
⁄  was taken as 0.15 for all the strengthened 428 
RC columns. Figure 9 shows that an increase in the 𝑡 𝑑⁄  ratio of the circular RC column 429 
strengthened with RPC and wrapped with FRP from 0.05 MPa to 0.167 MPa, increased the 430 
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service axial load, ultimate axial load and ductility by 64%, 96% and 30%, respectively. An 431 
increase in the 
𝑡2
𝑏⁄  ratio of the square RC column circularized with RPC and wrapped with 432 
FRP from 0.03 MPa to 0.125 MPa, increased the service axial load, ultimate axial load and 433 
ductility by 32%, 44% and 13%, respectively. 434 
 435 
To achieve a significant enhancement in the axial load-axial strain response for the deficient 436 
circular or square RC column, the ratio of the RPC jacket thickness to the diameter or side 437 
length of the base RC column is recommended to be 0.1 or 0.05, respectively.     438 
 439 
6. Conclusions  440 
This study presented an analytical approach to predict the axial load-axial strain responses for 441 
circular and square RC columns strengthened with RPC and wrapped with FRP. The analytical 442 
axial load-axial strain responses were compared with experimental axial load-axial strain 443 
responses. The study also presented a parametric study to investigate the most influencing 444 
factors that affect the axial load-axial strain responses of the strengthened RC columns. Based 445 
on the results of this study, the following conclusions can be drawn: 446 
1. The developed analytical approach takes into account the contributions of the confined NSC 447 
core, the confined RPC jacket and the steel reinforcement bars up to the ultimate axial load. 448 
2. The analytical axial load-axial strain responses presented in this study were conservative 449 
and matched well the experimental axial load-axial strain responses.  450 
3. Increasing the ratio of the RPC jacket thickness to the diameter or side length of the base 451 
RC column had a considerable positive influence on the service and ultimate axial loads as well 452 
as ductility of the strengthened RC column. The ratio of the RPC jacket thickness to the 453 
diameter or side length of the base RC column was found to be the most significant factor on 454 
the service axial load of the strengthened RC column. The ratio of the RPC jacket thickness to 455 
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the diameter or side length of the base RC column is recommended to be 0.1 or 0.05, 456 
respectively.     457 
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Fig. 1. Cross-sections of strengthened RC columns: (a) circular RC column 581 
strengthened with RPC and wrapped with FRP and (b) square RC column 582 
circularized with RPC jacket and wrapped with FRP 583 
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Fig. 2. Confinement of FRP on the NSC and RPC in the strengthened sections: 595 
(a) the FRP jacket, (b) circular column strengthened with RPC and wrapped with 596 
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Fig. 3. Experimental axial load-axial strain responses of Specimens C and CJF 603 
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Fig. 5. Analytical and experimental axial load-axial strain responses of circular 616 
RC column strengthened with RPC and wrapped with FRP 617 

























Fig. 6. Analytical and experimental axial load-axial strain responses of square RC 621 
column circularized with RPC jacket and wrapped with FRP 622 
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(a)                                                                        (b) 633 
Fig. 7. Influence of 
𝑓𝑙
𝑓𝑐𝑎𝑣′
⁄  on the axial load-axial strain responses of the 634 
strengthened RC columns: (a) circular RC column strengthened with RPC and 635 
wrapped with FRP and (b) square RC column circularized with RPC jacket and 636 
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(a)                                                               (b) 649 
Fig. 8. Influence of 𝑓𝑐𝑗
′  on the axial load-axial strain responses of the strengthened 650 
RC columns: (a) circular RC column strengthened with RPC and wrapped with 651 
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(a)                                                                   (b) 665 
Fig. 9. Influence of 𝑡 𝑑⁄  ratio and 
𝑡2
𝑏⁄  ratio on the axial load-axial strain responses 666 
of the strengthened RC columns: (a) circular RC column strengthened with RPC 667 
and wrapped with FRP and (b) square RC column circularized with RPC jacket 668 
and wrapped with FRP 669 
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